The ability of nitrogenase-containing Frankia sp. strain CpIl vesicles to regrow vegetative hyphae is demonstrated. Vesicles attached to hyphae in N2-fixing Cpll cultures and sucrose gradient-isolated vesicles exhibited hyphal outgrowths when incubated in certain defined liquid media. Single or multiple hyphal extensions grew out from the vesicles.
The onset of nitrogen fixation by Frankia strains in aerobic environments is preceded by the appearance of differentiated cellular structures, the frankial vesicles. Vesicles contain nitrogenase, both in culture (8, 11, 15) and in the N2-fixing root nodules formed on actinorhizal plants (13, 18) . Morphogenetically, vesicles are derived from modified lateral hyphae, initially single celled, that enlarge with age, and become progressively multicellular. The resulting vesicle is attached to the parental hypha by a stalk, and both are surrounded with a thick multilaminate lipid envelope (7) .
Vesicle formation in N2-grown Frankia cultures is asynchronous, so members of the vesicle population range from developing provesicles, which appear dark by phase-contrast microscopy, to enlarged, refractile, multiseptate mature vesicles (4) . In the perennial root nodules of actinorhizal plants, active symbiotic vesicles are apparently formed each growing season in newly infected plant cells (16) . Like those in culture, symbiotic vesicles make new septa and increase in size as they mature. In Myrica gale nodules, vesicle senescence is a gradual process initiated midway through the growing season and completed by the end of the growing season (14) . Only vegetative hyphae and, in some nodules, spores overwinter in the root nodules.
Frankia vesicles are functionally analogous to cyanobacterial heterocysts. Studies on the developmental fates of heterocysts indicate that proheterocysts, those in early stages of development, can regress to form vegetative cells (19, 21) , and those in later developmental stages can germinate to form new vegetative cells when released from intact filaments by micromanipulation (20 Vesicles formed hyphal outgrowths when incubated as described above in the following media: succinate (0.5%) with and without NH4Cl (11), propionate (0.3%) or pyruvate (0.3%) with and without NH4Cl (9), QMOD medium (6) without lipid supplement, and R-2A broth (12) . The percentages of regrown vesicles after 5 days were as follows: 8% and 10% for succinate medium with and without NH4Cl, respectively; 3% and 2% for propionate medium with and without NH4Cl, respectively; and <1% for the pyruvatecontaining media, the QMOD medium, and the R-2A broth. Regrowth was also observed in these same media solidified with agar ( It should be noted that counting all vesicles may underestimate the actual potential of vesicles to regrow, since some vesicles prepared as described lack cytoplasm (11). Also, using fluorescence microscopy we found that 20 to 25% of acridine orange-stained isolated vesicles fluoresced orange, while the majority fluoresced green (unpublished data). The color emitted by acridine orange-stained bacterial cells is believed to be correlated with the physiological state of the cells. Cells emitting orange fluorescence are thought to have a higher proportion of their nucleic acids as mRNA, with green-emitting cells possibly quiescent (5) . The vesicles that emit orange fluorescence may be those capable of regrowth.
Microscopic examination showed that the isolated vesicles retained their stalks; vesicles without subtending stalks were not observed. The preparations were free from both contaminating hyphae and vesicles with hyphal extensions (Fig. 1A) . At the resolution of the light microscope, it was not possible to tell if the vesicle stalks contained cytoplasm. Previous work has shown that the stalk is generally constricted and, in common with the vesicle proper, is surrounded by lipid monolayers and should be considered an integral part of the vesicle (10) .
Examples of hyphal emergence and elongation are demonstrated in Fig. 1B to D. Figures 1B and 1C show hyphae emerging from the vesicle. Regrowth of the vesicle in Fig.  1D occurred through the stalk with the hypha approximately 70 ,um in length. Two hyphae extend from the vesicle in Fig.  1E ; one grew out through the stalk and the other grew out through the vesicle. In combined nitrogen-free medium, the regrown hyphae formed new vesicles (Fig. 1F) .
Transfer of N2-fixing culture cells, with vesicles attached to the hyphae, into medium containing NH4Cl resulted in the outgrowth of hyphae from some of the vesicles by 24 to 48 h after transfer ( Fig. 2A and B) . The percentages of vesicle regrowth under these conditions were not determined because of the difficulty of counting vesicles, and clearly distinguishing outgrowths, in the mycelial cultures of the Frankia sp.
To determine the time course of outgrowth, vesicles were incubated in NH4+-free succinate medium and observed daily for vesicle regrowth (Table 1) . Vesicles with hyphal extensions were first detected at about 24 h, but the percentage remained below 1.0% for approximately 48 h. The number of vesicles with hyphal outgrowths subsequently increased up to about day 5 of incubation ( Table 1 ). The percentages of regrown vesicles may have continued to increase, but by 5 to 7 days of incubation the vesicles tended to adhere to each other, forming large aggregates or rafts with as many as several hundred vesicles. While newly grown hyphal extensions projected from these rafts, accurate enumeration of the vesicles with hyphal extensions was not possible. Additionally, thick mycelial mats developing from the hyphae of regrown vesicles made accurate counting difficult. Newly regrown vesicles were found in the incubation vials as long as 4 weeks after the initiation of the experiment, indicating that regrowth was not a synchronous event.
These observations show that at least some isolated ves- (not yet fixing N2) could germinate to form new filaments that were capable of forming new heterocysts (20, 21) .
The vesicles used in our experiments were derived from cultures that were fixing N2 as assayed by the acetylene reduction technique. Most vesicles likely contained nitrogenase; thus, vesicle outgrowth was not restricted to small vesicles of early development. Vesicles of various sizes and shapes were found to regrow. The presence of multiple outgrowths suggests that the multicellular, mature vesicles are capable of vegetative hyphae formation. The developmental potential of individual cells in the stalk or vesicles is difficult to assess. However, the observation of hyphae growing simultaneously from the stalk and vesicle, or from various regions of the vesicle, even while attached to hyphae a Percentages are derived from the observation of 100 to 300 total vesicles from replicate vials at each time point.
